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Abstract.  Northern blot analysis of rat heart mRNA 
probed with a eDNA coding for the principal polypep- 
tide of rat liver gap junctions demonstrated a 3.0-kb 
band.  This band was observed only after hybridization 
and washing using low stringency conditions; high 
stringency conditions abolished the hybridization.  A 
rat heart eDNA library was screened with the same 
eDNA probe under the permissive hybridization con- 
ditions, and a  single positive clone identified and 
purified.  The clone contained a 220-bp insert,  which 
showed 55 % homology to the original eDNA probe 
near the 5' end.  The 220-bp eDNA was used to 
rescreen a heart eDNA library under high stringency 
conditions, and three additional cDNAs that together 
spanned 2,768  bp were isolated.  This composite eDNA 
contained a single  1,146-bp open reading frame coding 
for a predicted polypeptide of 382 amino acids with a 
molecular mass of 43,036 D.  Northern analysis of var- 
ious rat tissues using this heart eDNA as probe 
showed hybridization to 3.0-kb bands in RNA isolated 
from heart,  ovary, uterus,  kidney, and lens epithelium. 
Comparisons of the predicted amino acid sequences 
for the two gap junction proteins isolated from heart 
and liver showed two regions of high homology (58 
and 42%), and other regions of little or no homology. 
A  model is presented which indicates that the con- 
served sequences correspond to transmembrane  and 
extracellular regions of the junctional molecules, while 
the nonconserved sequences correspond to cytoplasmic 
regions.  Since it has been shown previously that the 
original eDNA isolated from liver recognizes mRNAs 
in stomach, kidney, and brain,  and it is shown here 
that the eDNA isolated from heart recognizes mRNAs 
in ovary,  uterus,  lens epithelium,  and kidney, a 
nomenclature is proposed which avoids categorization 
by organ of origin.  In this nomenclature,  the homolo- 
gous proteins in gap junctions would be called con- 
nexins,  each distinguished by its predicted molecular 
mass in kilodaltons.  The gap junction protein isolated 
from liver would then be called connexin32;  from 
heart,  connexin43. 
AP junctions are composed of collections of membrane 
channels,  called connexons,  which join in mirror 
symmetry with connexons  in the membrane of the 
adjacent cell.  These pairs  of connexons  permit the inter- 
cytoplasmic exchange of small metabolites and ions between 
cells. Each connexon is composed ofa hexamer of an integral 
membrane protein,  whose complete eDNA has been cloned 
from rat and human liver, with a predicted molecular mass 
of 32 kD (23, 32). The mRNA coding for this protein is not 
unique to the liver, but may be detected in other, but not all, 
organs within the same animal  (32). In this paper,  we show 
that a related mRNA is found in abundance in heart and other 
organs, and that mRNAs coding for both the liver and heart 
gap junction proteins are in some cases detected in the same 
organ. 
Thus,  these gap junction mRNAs are not confined to the 
organs  in which they were first  observed, necessitating  a 
nomenclature system which avoids mention of source. We 
propose reintroduction  of the name connexin  as a generic 
term. Since the observed electrophoretic mobilities for con- 
nexin proteins enriched from both liver and heart vary ac- 
cording  to  experimental  conditions,  we propose  the  use 
of the predicted molecular mass in  combination with the 
generic term in order to distinguish  between different mem- 
bers of the connexin family. For example, the liver gap junc- 
tion protein would be referred  to as connexin32,  and,  as a 
result of the data presented in this paper,  the heart protein 
as connexin43. 
Published  studies  suggest  that  there  are  related,  but 
nonidentical,  connexins  in liver and heart.  Antisera  raised 
in several laboratories using  connexin32  as antigen  exhibit 
different tissue specificities  (9, 21, 31, 45). In one case, the 
antiserum recognizes  structures  at myocardial  intercalated 
discs by immunofluorescence,  and corresponding Western 
blots identify an immunoreactive  polypeptide (21). In our 
laboratory,  a similar  antiserum fails to recognize  either the 
structure or the polypeptide in heart (31). An antiserum  that 
was raised against a synthetic oligopeptide derix/ed from the 
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recognizes  immunoreacdve  peptides  in  homogenates  of 
liver, heart, and uterus. Taken together, these results suggest 
that connexin32  and the immunoreaetive  polypeptide in the 
heart share  some antigenic  determinants,  but also contain 
unique structure.  Independent  evidence for this conclusion 
was obtained by NH2-terminal sequence analysis of proteins 
found in gap junction preparations.  Nicholson et al. (30) and 
Manjunath et al. (27) have shown that a 44--47-kD polypep- 
tide from myocardium is 43%  homologous to connexin32 
over the first 28 amino acids.  Low stringency Northern blot 
analysis (32) provides additional support for the existence of 
a molecule in myocardium  related to connexin32,  and pro- 
vides the basis for the screening  strategy used in this paper 
to clone a unique connexin  eDNA. 
Materials and Methods 
RNA Isolation and Northern Blots 
RNA was  isolated  by homogenization of freshly dissected  rat organs in 
guanidine isothiocyanate followed by centrifugation  through CsCl (6). Uteri 
were obtained from 20-22-d pregnant rats and ovarian tissue from 21-d-old 
females primed for two successive  days  before  sacrifice  with 10 IU in- 
traperitoneal injections of pregnant mare's serum gonadotropin (PMSG;  1 
Sigma Chemical Co., St. Louis, MO) in PBS. Previous studies have shown 
that gap junction structures are abundant in these two tissues (1,  15). For 
whole lens mRNA isolation, lenses were dissected from 72 rat eyes and 
directly homogenized in guanidine. While care was taken to dissect the 
lenses free from adherent ciliary epithelium, electron microscopy  of simi- 
larly dissected lenses frequently revealed a tightly adherant layer of ciliary 
epitheliumcells adjacent to the lens capsule,  unobservable  in the dissecting 
microscope (data  not shown).  To remove these adherent cells,  a  second 
preparation of mRNA was made from lenses digested first with 0.1% trypsin 
after dissection, as described by FitzGerald and Goodenough (12), then 
homogenized in guanidine. Finally, a third preparation of mRNA was made 
from 72  rat eyes  that were first dissected and then had their capsules 
mechanically removed, a procedure which also removes the lens epithelium 
(28). 
RNA samples (10 Bg) were subjected to electrophoresis on 1% agarose/ 
formaldehyde gels and capillary blotted onto nylon  membranes (Hybond-N; 
Amersbam Corp., Arlington Heights,  IL) as described by Davis et al. (8). 
RNA was cross-linked to the membrane by exposure to a medium wave- 
length (300 nm) UV transilluminator  for 5 rain. Radiolabeled eDNA probes 
were prepared by isolation of the DNA fragments by electrophoresis in low 
melting-temperature agarose and labeling using the Klenow  fragment of 
DNA polymerase I and hexanucleotide  primers as described by Feinberg 
and Vngelstein (11). Low  stringency  blots were  prehybridized in 0.75 M 
Na2HPO4 (pH 7.2),  5% SDS,  100 Itg/ml  salmon sperm DNA for 1 h at 
55~  and then hybridized overnight in the same buffer  with the labeled 
probe at 55~  Blots were then washed in 0.3 M Na2HPO4, pH 7.2,  1% 
SDS once at room temperature and three times at 550C over 1 h before ex- 
posure to Kodak XAR-5 film at -800C with an intensifying  screen. High 
stringency  blots were prehybridized and hybridized in the same solutions 
at 65  ~ and washed in 0.015 M Na2HPO4, 1% SDS at 650C before autoradi- 
ography. Hybridization  and washing were carried out in Hybrid-Ease cham- 
bers (Hoefer Scientific Instruments, San Francisco,  CA). 
cDNA Library Construction and Screening 
Poly(A) RNA was isolated from total rat heart RNA by chromatography on 
oligoMT  cellulose  (3).  eDNA was synthesized  by a  modification  of the 
method of Gubler and Hoffman (17) using the kit supplied  by Amersham 
Corp. After blunting with T4 DNA polymerase and methylation with Eco 
RI methylase, kinased Eco RI linkers (New England Biolabs, Beverly, MA) 
were ligated to the eDNA with "1"4  DNA ligase.  The linl0vred eDNA was 
digested  with Eco RI, and the high molecular mass eDNA was separated 
from excess linkers by gel filtration.  The eDNA was ligated  to Eco RI- 
1. Abbreviation used in this paper'. PMSG, pregnant mare's serum gonado- 
tropin. 
digested,  dephosphorylated lambda gtll arms (Promnga Biotec,  Madison, 
WI) and packa__ged  using extracts prepared by Stratagene (San Diego, CA). 
This library contained ,~IO  6 recombinants with an average insert size of I.l 
kb. A second rat heart eDNA library was obtained commercially (Clontech, 
Palo Alto,  CA). 
The synthesized eDNA library was screened by hybridization  of nitrocel- 
lulose filter plaque lifts in 5 x  SSC (IX SSC is 150 mM NaCi,  15 mM Na 
citrate,  pH 7.0.), 1% SDS,  100 gg/ml salmon sperm DNA with the 32p-la- 
beled rat liver gap junction eDNA overnight at 50oc,  followed by three 
washes, 20 min each, in 2X SSC, 1% SDS at 50~  before exposure to Kodak 
XAR-5 film. The rat heart eDNA clone (IT/) isolated by this low stringency 
procedure was used to rescreen this library and the Clontech library by hy- 
bridization and washing  in the same solutions, but at 65~ 
D NA Sequence Analysis 
Lambda clones were purified from plate lysates by DEAE cellulose chroma- 
tography (19). The cDNAs were released by Eco RI digestion and subcloned 
into the ECO RI site of the plasmid Bhiescript (Stratagene).  Ordered sets of 
overlapping deletions were constructed by the exonuclease  RI/SI nuclease 
procedure of Henikoff (20) as modified by Lawler and Hynes (25).  Single- 
stranded DNA was isolated by culturing Bluescript transformants in Eache- 
richia coil strains JM101 or XL1-B (Stratngene) with the helper phage R408 
(Stratagene) as described by the supplier. All sequencing was performed by 
the chain termination  method of Sanger et al. (36) using this single-stranded 
template and dideoxy sequencing reagents as described by Williams et al. 
(42), except that 7-Deaza-dGTP  (Boehringer Mannheim Biochemicals, In- 
dianapolis, IN) was used in place of  dGTP in equimolar amounts. All clones 
described were completely sequenced in both  directions.  Sequence data was 
analyzed using computer programs from Intelligenetics (I~o Alto, CA) and 
International Biotechnolngies (New Haven,  CI'). Database searches were 
conducted by the staff of the Molecular Biology Computer Research Re- 
source of the Dana-Farber Cancer Institute. 
Results 
Northern Blots and Isolation of  cDNA Clones 
Previous low stringency  Northern blots suggested  that  the 
eDNA for connexin32  hybridized to a message of ,,ol.2 kb 
Figure  1.  Northern blot analy- 
sis. (A) Low stringency  hybrid- 
ization of coding portions of  the 
rat liver gap junction eDNA to 
total  RNA  from rat  liver and 
heart. Each lane contains I0 ~tg 
RNA. Hybridization  is to a 1.6- 
kb band  in liver and a  3.0-kb 
band in heart.  (B) High strin- 
gency hybridization of rat heart 
gap junction eDNA probe ((32) 
to the same blot as in A after re- 
moval of liver probe by boiling 
in  distilled  water.  The  heart 
probe  hybridizes to  a  band of 
mobility  identical to  that seen 
with  the  liver  probe.  Arrow- 
heads indicate positions of 28S 
and 18S rRNA subonits. 
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hybridization was due to noncoding portions of the con- 
nexin32 eDNA (data not shown). Connexin32 eDNA was 
digested with Bgl I and Eco RI to isolate a fragment contain- 
ing bases 1-848,  which made up 95 % of the coding region 
and none of the 3' untranslated sequence. This fragment hy- 
bridized to a single band of 3.0 kb on Northern blots of rat 
heart RNA at low stringency (Fig.  1 A). 
We used the cormexin32 eDNA fragment to screen 150,000 
bacteriophage  plaques  from the  rat  heart eDNA  library 
under similar low stringency conditions. One consistently 
positive clone was isolated. This eDNA clone (D7, Fig. 2) 
contained 220 bp, and its eDNA sequence showed 55 % ho- 
mology to a region near the 5' end of  connexin32 eDNA. The 
amino acid sequence predicted by an open reading frame in 
this eDNA showed a similar high level of amino acid homol- 
ogy to connexin32. No further clones were isolated from this 
library. Clone D7 ws used as hybridization probe to screen 
a second rat heart library (Clontech) under high stringency 
conditions, and three longer clones (G1, 2.5 kb;  (32,  1.4 
kb; and G3,  1.3 kb) were isolated. The eDNA inserts were 
oriented and aligned by restriction mapping (Fig. 2).  All 
three of these eDNA inserts hybridizexl to a  single 3.0-kb 
band on Northern blots of rat heart RNA (at high strin- 
gency). Hybridization with the probe G2 is shown in Fig. 1 
B. The 3.0-kb band is indistinguishable in mobility from the 
band identified at low stringency with the cormexin32 eDNA 
fragment. 
Nucleotide and Amino Acid Sequence 
The nucleotide sequences of all clones were determined; 
they  overlapped  with  no  discrepancies.  The  composite 
eDNA  sequence (Fig.  3)  contains 2,768  nucleotides. The 
first ATG initiation codon occurs at base 202 and is followed 
by an open reading frame of 1,146 bases and a TAA termina- 
tion codon at position 1,348. The reading frame is closed 
near the 5' side of  this presumed initiation codon. The coding 
region is followed by 1,218 bases of 3' untranslated sequence, 
which  contains multiple termination codons  in  all  three 
frames, but no polyadenylic acid tail. 
The eDNA  sequence predicts a  polypeptide containing 
382 amino acids (Fig. 3) with a calculated molecular mass 
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Figure 2.  Alignment and restriction map of heart gap junction 
cDNA clones. The coding region of the cDNA is represented by 
a heavy line, while 5' and 3' untranslated regions are represented 
by a thinner line. Restriction sites are those for Hind III (H), Dra 
II (D), Sac I (S), Stu I (St), and Eco RV (RV). Clone I)7 is the 
220-bp cDNA isolated by low stringency screening of the heart 
cDNA library with the liver gap junction cDNA probe. Clones G1, 
G2, and (33 were isolated by rescreening with D7 as probe. 
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Figure 3. Sequence of  rat  heart  gap  junction cDNA. The complete 
nncleotide  sequence consLructed  from the  overlapping sequences of 
clones D7, GI, G2, and G3 is shown with residues numbered on 
the right  side. The derived amino acid sequence is shown with 
residues  numbered on  the  left.  This  predicted  pmlein has  a molecu- 
lar  mass of  43,036.  The available  partial  protein  sequence matches 
amino acids 2-20 of the predicted sequence. 
of 43,036, a size similar to the major polypeptide of 44,000- 
47,000  which Manjunath et al.  (26) have characterized in 
cardiac gap junction preparations.  Confirmation that this 
represents the sequence of  a heart gap junction protein comes 
from the close match between the published NH2-terminal 
amino acid sequence of  a rat heart gap junction protein deter- 
mined by Nicholson et al. (30) and Manjunath et al. (27) and 
residues 2-20 of the predicted sequence shown here.  The 
only difference is  that those authors  were  unable to  tell 
whether residue 2  was glycine, alanine, or histidine. The 
predicted residue is glycine. The predicted sequence also 
contains a single methionine residue preceding the first resi- 
due in the mature protein. Presumably, this methionine is 
proteolytically removed posttranslationally to leave a mature 
protein of  42,867 D. There is no evidence for a longer leader 
or signal sequence. Following the suggestion on nomencla- 
ture presented in the introduction, this protein will be called 
connexin43. 
Connexin43 is predicted to be very basic (pI  =  10.19), 
similar to  the pI of 10.88 of eonnexin32.  At neutral pH 
connexin43 would have 13.9% basic, 9.4% acidic, 34.3 % 19o- 
lar, and 42.4%  nonpolar residues. With 53 basic residues 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































76  ~~T~  LA~F  yVMR~/~N KKE  E  ~KVAQT  ~VNVE~-~KQ  ~FKY  G  I  E  ~ 
75  ~U~ ~  ~  [~  A  ~  ~ ~  Q  Q  H  I~E~M  .....  -~L--  -~GDPI~[_I~-~  ......  -~41  S~T 
131  Y~LL~%I~MYVFY  LL~PG~AM-VRL~-K~AF~T~DCF~S  RPTEKTK~I  C  I  I 
223  ~I~FFKGVKD~KG~D~HATTGPLS  PS  KDCGS  PKYAY  FNGC~  PTA~PMS PPGYKLVT~DRNN~ 
204  ~V~I I  P~%CAR~%QR~_~N~PSRKGS  GFGHRLS  PE  YKQNE  INKL~QDGS~KDI LRRS  PGTGA~E~ 
298  CRNYNKQAS  EQNWANYSAEQNRMGQAGS TI  S  NSHAQ  PFDF  P  DDNQNAKKVAAGHE  LQPLA  IVDQRPS  SRAS  SRAS 
279  RCSAC 
373  SRPRPDDLEI 
Figure 5.  Comparison of amino 
acid sequences of  connexin43 and 
connexin32. The cormexin43 and 
connexin32 sequences were op- 
timally  aligned  so as  to match 
identical  residues,  which  are 
shown enclosed in boxes. Dashes 
7s  indicate gaps introduced  to op- 
74 
timize  alignment.  58%  of resi- 
1~0  dues  1-105 of  connexin43  are 
130 
identical to their counterparts in 
n2  residues  1-104  ofconnexin32.42% 
2o3  of residues  142-246 in connex- 
297  in43 are identical to their counter- 
27a  parts in residues 122-227 of con- 
372  nexin32. The middle and COOH- 
283  terminal regions of  the molecules 
302  show little homology. 
(including 8 histidines) and 36 acid residues it would have 
a net positive charge of 17. There are three potential sites for 
N-linked glycosylation (consensus Asn-X-Ser/Thr) at resi- 
dues 295-297, 296-298, and 312-314. 
The amino acid sequence was analyzed by the procedure 
of Kyte and Doolittle (24), which predicts the hydropathic 
nature of local regions in the sequence (Fig. 4 b). There are 
four major hydrophobic regions (labeled i, iii, v, and vii), al- 
ternating with four hydrophilic regions (labeled ii, iv, vi, and 
viii).  Region  iv  corresponds  approximately  to  residues 
98-150 and region viii to residues 237-382. The hydropathi- 
city plot appears remarkably similar to that of connexin32 
(Fig. 4 a). 
Comparison of Connexin43 and Connexin32 
The predicted amino acid sequence of connexin43 shows 
areas  of  homology  to  the  predicted  sequence  (32)  of 
connexin32  (Fig.  5).  Of  residues  1-105 in  connexin43 
(regions i-iii), 61 (58%) are identical to their counterparts 
in residues 1-104 in connexin32 (regions I-I/I). Of residues 
142-246 in connexin43 (regions v-vii), 44 (42 %) are identi- 
cal to their counterparts in residues 122-227 of connexin 32 
(regions V-VII). Optimal alignment of the two proteins also 
demonstrates that many of the amino acid substitutions be- 
tween the two junction molecules are conservative, suggest- 
ing that the structures of these six regions may be very simi- 
lar. There is much less homology in other portions of the two 
molecules. Connexin43 has 20 more amino acids in region 
iv than connexin32 has in region IV. The COOH-terminal re- 
gion of connexin43 (region viii) is substantially longer than 
its  counterpart in connexin32;  amino acid matches occur 
only slightly more frequently than would be predicted by 
chance. The nucleotide sequences for these unique areas, as 
well as the 3' untranslated tails, show no homology. 
No regions of internal homology within connexin43 were 
identified. A  search of the National Biomedical Research 
Foundation protein sequence data base and of the predicted 
translations of identified exons in the GenBank/Los Alamos 
database identified no other proteins with significant homol- 
ogy to connexin43. In particular, the derived sequence of the 
lens membrane protein, MP26, which has been suggested to 
be a  structural component of the lens fiber junctions (16), 
showed no homology to either connexin43 or connexin32. 
Northern Blot Organ Survey 
Total RNAs from various rat organs were examined for ho- 
mologous messages by Northern blot analysis using G2, a 
1.4-kb  probe  that  contains  the  entire  coding  region  of 
connexin43 eDNA. Under high stringency conditions of hy- 
bridization and washing, a single band of 3.0 kb was seen in 
RNA from heart, term uterus, PMSG-primed ovary, and kid- 
ney. The 3.0-kb band was seen in intact and trypsinized rat 
lenses, but not in decapsulated lenses, suggesting that it de- 
rived from lens epithelial cells but not lens fibers (Fig. 6). 
No bands were seen in RNA from brain, stomach, spleen, 
or  liver.  Further  high  stringency  Northern  blots  were 
connexin32 eDNA confirmed the previous finding (32) that 
a  homologous  1.6-kb  mRNA  is expressed in liver, brain, 
stomach, and kidney (data not shown). The 1.6-kb band was 
also seen in whole lenses; however, digestion of the lenses 
with trypsin (12) abolished this signal, indicating that it de- 
rived from adherent ciliary epithelium. We did not find any 
of the 1.6-kb connexin32 message on Northern blots of RNA 
from ovary, uterus, spleen, or heart. 
Discussion 
This paper describes the molecular cloning of cDNA  for 
Figure 4. Hydropathicity plots of connexin32 (a) and cormexin43 (b). Hydropathicity values (determined with a window of 20 residues) 
have been plotted with respect to position along the derived amino acid sequences of the connexins. Amino acid numbers are shown at 
the left of each plot. The plots of connexin32 and connexin43 appear remarkably similar. Each has four prominent hydrophobic regions 
marked with brackets (I, m, IV, vii and i, iii, v, vii), which are interspersed with more hydrophilic areas. Hydrophilic regions iv and 
viii are substantially longer in the heart protein than their counterparts in the liver. Approximate amino acid residues corresponding to 
these regions may be assigned. Connexin32 regions represent: I, 1-42; II, 43-67; m, 68-96; IV, 97-130; v, 131-166; vI, 167-188; vii, 
189-216; viii, 217-283. Cormexin43 regions correspond to: i, 1-43; ii, 44-68; iii, 69-97; iv, 98-150; v, 151-187; vi, 188-207; vii, 208-236; 
viii, 237-382. 
Beyer et al. Rat Heart Connexin43  2625 Figure 6. Hybridization of connexin43 cDNA to total RNAs from 
various tissues. Blots were probed at high stringency with cDNA 
clone G2, which contains the entire coding region. Three different 
blots are shown, each with a lane of heart RNA (lanes A, G, and 
L) for comparison. In the first blot, lanes A-F, a positive band 
comigrating with the 3.0-kb heart signal is seen in PMSG-stimu- 
lated ovary (B), and kidney (F). At the level of sensitivity of this 
experiment, no signals are evident in RNA fractions from liver (C), 
stomach (D), or brain (E). In this blot, 10 Ixg of RNA were loaded 
per lane. In lanes G and H, also loaded with 10 I~g RNA, heart (G) 
and term uterus (H) both show co-migrating 3.0-kb bands. In the 
third blot (lanes I-L), RNA from heart (L) and whole lens (I) were 
loaded at 7.5 Ixg per lane, and show the 3.0-kb signal. Trypsin- 
treated (J) and decapsulated (K) lens RNA fractions were loaded 
at 3.0 Ixg per lane. The RNA from the trypsin-treated lens contains 
the 3.0-kb band (J), which is not detectable in the RNA prepared 
from the decapsulated lens (K). 
connexin43.  Connexin43  mRNA is  abundant  in  myocar- 
dium, and its predicted amino acid sequence is highly ho- 
mologous to eonnexin32, a gap junction protein abundant in 
liver. Evidence that this eDNA codes for a heart gap junction 
protein comes from the excellent agreement of the predicted 
sequence with the partial amino acid sequence observed in 
protein from isolated heart gap junctions. However, this does 
not yet prove that connexin43 is indeed a protein forming in- 
tercellular channels in cardiac gap junctions. 
Confirming that a eDNA Codes 
for a Gap Junction Protein 
To demonstrate that polypeptides predicted by cDNAs are 
gap junctional channel proteins, rigorous morphological and 
functional criteria need to be satisfied. Morphological evi- 
dence may be provided by EM immunocytochemical  staining 
of the  structure  with antibodies  either to  bacterially  ex- 
pressed fusion protein (32) or to synthetic oligopeptides cor- 
responding to the predicted sequence. Functional evidence 
may be provided by demonstrating that the protein can facili- 
tate communication between cells. 
Three approaches have been used to demonstrate that a 
protein is capable of forming a gap junction channel. In the 
first, intercellular communication via gap junctions, as as- 
sayed by dye and electrical coupling, is shown to be blocked 
by intracellular application of an antiserum specific for the 
putative channel-forming polypeptide (14, 22, 38, 39).  One 
difficulty in this approach is the design of appropriate con- 
trois. Cross-linking of nonjunetional membrane proteins by 
an antibody may trigger a nonspecific intracellular response, 
resulting secondarily in closure of gap junctional channels. 
In addition, polyelonal antisera, even if  affinity  purified, may 
contain activity against unknown epitopes, or have a toxic ac- 
tivity apparently unrelated to binding of the specific protein. 
In  the  second  approach,  channels  are  reconstituted in 
artificial lipid bilayers (18, 33, 44). A problem with this ap- 
proach is that gap junctions are double-membrane structures 
while reconstituted lipid bilayers are single membranes, al- 
though an innovative double-membrane reconstitution sys- 
tem is  currently being developed (5).  Comparison of the 
reconstituted channel with an in vivo channel is difficult be- 
cause the properties of  gap junction channels in single mem- 
branes have not been determined in vivo. In addition, pro- 
teins must be very carefully purified so that reconstitution of 
unwanted channels does not occur. Recongtitution  of  proteins 
produced in vitro from cloned cDNAs could alleviate this 
difficulty. 
In the third approach, mRNA coding for the putative  junc- 
tional polypeptide may be introduced into cells and then the 
cells assayed for the ability to communicate (7). This type 
of experiment should include a demonstration that the pro- 
tein coded by the foreign mRNA is being synthesized and as- 
sembled into gap junctions. The foreign channels must also 
be discriminated from endogenous channels, which requires 
that the properties of each type be measurably different. 
Confirmation that a particular protein is capable of form- 
ing a gap junctional channel requires rigorous application of 
one or more of these methods, with close attention to the 
shortcomings peculiar to each. As detailed above,  many of 
these structural and functional criteria have been satisfied for 
connexin32.  A  similar demonstration for connexin43 will 
require additional experimentation. 
Connexin raRNAs Are Not Confined to Single Organs 
The mRNAs for the two connexin molecules are found in 
different  abundances in different  organs. Counexin32 mRNA 
appears more abundant in liver, stomach, and brain, while 
connexin43 mRNA is more abundant in heart, term uterus, 
PMSG-primed ovary, and lens. There is a strong signal for 
both connexin messages in the kidney, although it is un- 
known whether they derive from the same or different cells. 
Experiments suggest that in the lens the connexin43 mR~A 
is localized to the epithelial cells. Crudely dissected and en- 
zymatically digested lenses show a band by Northern analy- 
sis using the connexin43 eDNA (see Fig. 6). This signal is 
lost when the mRNA is prepared from decapsulated lenses, 
a procedure which is known to remove the bulk of the lens 
epithelial cells. 
These  comparative  Northern  analyses have limitations. 
First, while the Northern blots were performed under highly 
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does not guarantee absolute mRNA identity. It is possible 
that identically appearing mRNAs might specify proteins 
with extensive sequence homology that might contain minor 
but key differences. Second, except for the case of the lens, 
RNA was prepared from whole organs, containing many di- 
verse tissues and cell types. Thus, there is no information 
about which cell type expresses a  given message.  Third, 
presence of message does not guarantee that protein is being 
translated. Finally, the inability to detect a signal on a North- 
ern blot does not mean that a homologous mRNA is absent, 
only that its abundance is too low to detect. Our results show 
that there is a predominance of different connexin mRNAs 
in certain organs, but do not rule out the simultaneous ex- 
pression of both connexin messages, as clearly seen in the 
kidney. 
Connexin Membrane Topology 
Recent studies of proteolytically treated liver gap junctions 
(46) have demonstrated that the COOH-terminal portion of 
connexin32 (region VIID and a Lys-X  proteolytic site (region 
IV) are located on the cytolasmic sides of the junctional 
membranes. These data  place both regions IV and vm at the 
cytoplasmic surfaces, as drawn by Zimmer et al. (Fig. 14 in 
reference 46) and here in Fig. 7. The cytoplasmic localization 
of these regions and the assumption that the hydrophobic 
portions  represent  membrane-spanning  regions  suggest a 
topological model of  the liver and heart gap junction proteins 
with relation to the junctional membrane (Fig. 7).  In this 
drawing, cormexin32 and connexin43 are depicted as parallel 
lines; the dark dots between them indicate positions of iden- 
tical amino acids. The putative membrane spanning and ex- 
tracellular regions of the two connexins are conserved struc- 
tures,  and the cytoplasmic portions of the molecules are 
divergent. Each of the short extracellular loops (regions II 
and VI) contains three cysteine residues that are conserved 
between the connexin sequences.  Neither the single con- 
sensus glycosylation site near the beginning of connexin32 
nor any of the sites in connexin43 lie in the predicted ex- 
tracellular regions. In this context, it is pertinent that no 
glycosylation of eonnexin32 has been reported. 
The conserved transmembrane and extracellular struc- 
tures in connexin molecules suggest that the structure of the 
transmembrane portion of the channels and the mechanisms 
of cell-cell interaction may be similar in different tissues. 
Previous authors have demonstrated that heterologous ceils 
can form low resistance communication channels in culture 
(13). An interesting question in this regard is whether or not 
heterologous cells actually make heteromolecular junctions 
in tissue culture, or whether they express different  junctional 
phenotypes in culture. Flagg-Newton and Loewenstein (13) 
have demonstrated an asymmetric physiology of heterolo- 
gous cell junctions in culture, consistent with the existence 
of heteromolecular structures. 
The unique cytoplasmic primary structures of the con- 
nexins may confer different physiological behavior. These 
unique regions are exposed to intracellular mechanisms of 
phosphorylation (2, 4, 35, 40), calmodulin  binding (46), and 
proteolysis concomitant with protein turnover (10, 43). Phys- 
iological studies on pH sensitivity have shown that liver and 
heart channels have measurably different pKs of 6.4 and 6.8, 
respectively (34, 37, 41), properties which presumably reside 
at the junctional cytoplasmic surfaces. The heart junctions 
are obligatory conductors of  electrical excitation between the 
myocardiocytes, a role not shared with the liver, but possibly 
shared with uterine myometrium. Whether or not this func- 
tional difference can be localized to specific protein struc- 
tural domains has yet to be determined. 
Extracellular 




t/.-.t  ) 
Figure 7. A model depicting to- 
pology of connexin proteins in 
relation to the junctional mem- 
brane,  following the  orienta- 
tion presented by Zimmer et al. 
(1987). Connexin32 (1-283) and 
connexin43 (1-382) are drawn as 
parallel lines to show their op- 
timal alignments, except in the 
middle of the molecules and at 
the COOH terminus where con- 
nexin43  has  additional  mass. 
Heavy dots are  drawn between 
the lines at positions of identical 
amino  acids. This  model  was 
constructed  based on  previous 
evidence that the COOH termi- 
nus and region IV of cormexin32 
are on the cytoplasmic side of the 
membrane  and  the  assumption 
that hydrophobic  regions span the 
membrane.  The  model reveals 
that the putative transmembrane 
and extracellular regions of the 
cormexins are conserved and that 
the cytoplasmic portions are di- 
vergent. 
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We propose a new system of nomenclature, using the term 
connexin to identify the members of a family of proteins that 
are related by a high degree of conservation in their predicted 
amino acid sequences,  prototypically  shown here between 
connexin32 and  -43. We will not attempt to further define 
the degree of conservation required, since only two members 
of the family have been characterized. We think that the con- 
nexin family of proteins will be shown to be gap junction pro- 
teins. Additional support that connexin43 is a gap junction 
protein  comes  from  a  strong  homology  with  the  NH2- 
terminal of a previously identified heart gap junction protein. 
However, by the criteria suggested above, cormexin43 has not 
yet been shown to be a gap junction protein. 
The family of connexins may contain additional proteins 
beyond the two reported here.  Initial data  have  been pre- 
sented (29) demonstrating  the presence in rodent livers of an 
M, 21,000 protein, present in junctional plaques,  which is 
45 % homologous  to  connexin32  in  the  NH2-terminal  20 
amino acids. In addition, using the same strategy  followed 
in this  paper,  we have  isolated an additional homologous 
cDNA from rat lens fibers (Paul, D.  L., E.  C. Beyer, and 
D. A.  Goodenough,  manuscript  in preparation).  All  gap 
junction proteins will not necessarily be members of the con- 
nexin family.  Thus, the lens fiber protein, MP26, for which 
the entire sequence has been determined (16), is clearly not 
a member of the connexin family on the basis of its very 
different amino acid sequence. 
We have proposed using the predicted polypeptide molec- 
ular  mass  in  kilodaltons  to  distinguish  between  different 
members of the connexin family (e.g. connexin32, connex- 
in43). In the event that different connexins are identified in 
the same organism with nearly the same mass,  it may be 
necessary  to  distinguish  them  by  using  the  first  decimal 
place. As we have shown, it is likely that the same connexin 
mRNA is expressed in many different organs;  therefore,  we 
believe that any reference to organ (as liver, heart, or uterus) 
is inappropriate.  Connexins have been identified from other 
species (23); they must be distinguished by specification of 
the organism. 
Although there are potentially many  biological roles for 
intercellular communication, currently  only a few functions 
are understood. For this reason, we have no explanation for 
connexin diversity. 
We gratefully acknowledge helpful discussions with Dr. Katherine Swenson 
and Dr. Bruce Nicholson. 
Salary support for E. C. Beyer has been generously provided by training 
gram HL07574  from the National Institues of Health.  E. C. Beyer is cur- 
renfly a recipient  of a Clinician-Scientist Award from the American Heart 
Association. These studies are supported by grants GM37751 (D.  L. Paul) 
and GM18974 (D. A. Goodenough) from the National Institutes of Health. 
Received for publication  26 June  1987, and in revised form 21 July  1987. 
References 
1. Albertini, D. F., and E. Anderson. 1974. The appearance and structure of 
intercellular connections during the ontogeny of the rabbit ovarian follicle 
with particular reference to gap junctions. J.  Cell Biol.  63:234-250. 
2. Atkinson, M. M., A. S. Menko, R. G. Johnson, J. R. Sheppard, and J. D. 
Sheridan. 1981. Rapid and reversible reduction of  junctional permeability 
in cells infected with a temperature-sensitive  mutant of avian sarcoma vi- 
rus. J.  Cell Biol.  91:573-578. 
3. Aviv, H., and P. Leder.  1972.  Purification  of biologically active glohin 
mRNA  by chromatography  on ollgothymidylic  acid cellulose. Proc. Natl. 
Acad.  Sci.  USA.  69:1408-1412. 
4. Azarnia, R., and W. R. Lcewenstein. 1987. Polyomavims middle T anti- 
gen downregulates junctional  cell-to-cell  communication, biol.  Cell. 
Biol.  7:946--950. 
5. Brewer, G. J., and P. D. Thomas. 1984. Role of gangliosides in adhesion 
and conductance changes in large spherical model membranes. Biochim. 
Biophys.  Acta. 776:279-287. 
6. Chirgwin, J. M., A. E.  Przybyla, R. J. MacDonald, and W. J.  Rntter. 
1979.  Isolation of biologically active ribonucleie acid from sources en- 
riched in ribonucleaso. Biochemistry.  18:5294-5299. 
7. Dahl, G., T. Miller, D. L. Paul, R. Vcellmy, and R. Werner. 1987.  Ex- 
pression  of functional cell-cell channels  from cloned rat liver gap  junction 
complementary DNA. Science (Wash.  DC). 236:1290-1293. 
8. Davis, L. G., M. D. Dibner, and J. F. Battey. 1986. Preparation of RNA 
from eukaryotic cells. Methods Mol.  Biol.  129-146. 
9. Dermietzel, R., A. Leibstein, U. Rrixen, U. Janssen-Timmen,  O. Traub, 
and K. Willecke. 1984.  Gap junctions in several tissues share antigenic 
determinants with liver gap junctions. EMBO (Eur. Mol. Biol.  Organ.) 
J.  3:2261-2270. 
10. Fallon, R. F., and D. A. Goodenough. 1981. Five hour half-life of mouse 
liver gap-junction protein.  J.  Cell Biol.  90:521-526. 
11. Feinberg, A. P., and B. Vogelstein. 1983. A t~hnique for radiolabelling 
DNA restriction endonuclease fragments to high specific activity. Anal. 
Biochem.  132:6-13. 
12. FitzGerald, P. G., and D. A. Goodennugh. 1986.  Rat lens cultures: MIP 
expression  and domains of intercellular coupling, Invest.  Ophthalmol.  Vi- 
sual Sci.  27:755-771. 
13. Flagg-Newton, J., and W. R. Loewenstein. 1979. Experimental depression 
of  junctional membrane permeability in mammalian  cell culture. A study 
with tracer molecules in the 300-800 Dalton range. J.  Membr.  Biol. 
50:65-100. 
14. Fraser, S. E., C. R. Green, H. R. Bode, and N. B. Gilula. 1987. Selective 
disruption of gap junctional communication interferes with a patterning 
process in Hydra. Science (Wash.  DC). 237:49-55. 
15. Garfield, R. E.,  E.  E.  Daniel, M.  Dukes, and J.  D. Fitzgerald.  1982. 
Changes of gap junctions in myometrium  of guinea pig at parturition and 
abortion. Can. J. Physiol. Pharmacol.  60:335-341. 
16. Gorin, M. B., S. B. Yancey, J. Cline, J.-P. Revel, and J. Horwitz. 1984. 
The major intrinsic protein (MIP) of the bovine lens fiber membrane: 
characterization and structure based on eDNA cloning. Cell.  39:49-59. 
17. Gubler, U., and B. J. Hoffman. 1983. A simple and very efficient method 
for generating eDNA libraries. Gene (Amst.).  25:263-269. 
18. Hall, J. E., and G. A. Zampighi. 1985. Protein from purified lens junctions 
induces  channels  in planar lipid bilayers. In Gap Junctions. M. V. L. Ben- 
nett and D.  C.  Spray, editors. Cold Spring Harbor Laboratory, Cold 
Spring Harbor, NY. 177-189. 
19. Helms, C., M. Y. Graham, J. E. DutclE_tk,  and M. V. Olson. 1985. A new 
method for purifying Lambda DNA from phage lysates. DNA  (NY). 
4:39-49. 
20. Henikoff, S. 1984. Unidirectional digestion with exonuclease  HI creates tar- 
geted breakpoints for DNA sequencing. Gene (Amst,).  28:351-359. 
21. Hertzberg, E. L., and R. V. Skibbens. 1984. A protein homologous to the 
27,000 dalton liver gap junction protein is present in a wide variety of 
species and tissues. Cell.  39:61-69. 
22. Hertzberg, E. L., D. C. Spray, and M. V. L. Bennett.  1985.  Reduction 
of gap junctional conductance by microinjection of antibodies against the 
27-kDa liver gap junction polypeptide.  Proc.  Natl.  Acazt.  Sci.  USA. 
82:2412-2416. 
23. Kumar, N, M., and N. B. Gilula.  1986.  Cloning and characterization of 
human  and rat liver cDNAs coOing for a gap  junction  protein. J. Cell Biol. 
103:767-776. 
24. Kyte, J., and R. F. Dcolittle.  1982.  A simple method for displaying the 
hydropathic character of a protein. J. Mol.  Biol.  157:105-132. 
25. Lawler, J., and R. O. Hynes. 1986. The structure of human thrombospon- 
din, and adhesive glycoprotein with multiple calcium-binding sites and 
homologies with several different proteins. J. Cell Biol.  103:1635-1648. 
26. Manjunath, C., and E. Page. 1985. Cell biology and protein composition 
of cardiac gap junctions. Am. J. Physiol.  248:H783-H791. 
27. Manjunath, C. K., B. J. Nicholson, D. Teplow, L. Hood, E. Page, and 
J.-P. Revel. 1987.  The cardiac gap junction protein (Mr 47,000) has a 
tissue-specific  cytoplasmic domain of Mr 17,000 at its carboxy-terminus. 
Biochem.  Biophys.  Res.  Commun. 142:228-234. 
28. Milstone, L. M., and J. Piatigorsky. 1975. Rates of protein synthesis and 
explanted embryonic chick lens epithelia:  differential stimulation  of delta- 
crystallin synthesis. Dev. Biol.  43:91-100. 
29. Nicholson, B. J., R. Dermietzel, D. B. Teplow, O. Traub, K. Willecke, 
and J.-P. Revel. 1986. Identification  of two homologousproteins  (M. W. 
28,000 and 21,000) in liver gap junctions. J. Cell Biol.  103(5, Pt. 2): 75a. 
(Abstr.) 
30. Nicholson, B. J., D. B. Gros, S. B. H. Kent, L. E. Hood, and J.-P. Revel. 
1985. The Mr 28,000 gap junction proteins from rat heart and liver are 
different but related. J. Biol.  Chem.  260:6514-6517. 
31. Paul, D. L. 1985. Antibody against liver gap junction 27-kD protein is tis- 
sue specific  and cross-reacts with a 54-kD protein.  In Gap Junctions. 
M. V. L. Bennett and D. C. Spray, editors. Cold Spring Harbor Labora- 
The Journal of Cell Biology, Volume 105,  1987  2628 tories. Cold Spring Harbor,  NY.  107-122. 
32. Paul, D. L.  1986.  Molecular cloning of cDNA for rat liver gap junction 
protein. J.  Cell Biol.  103:123-134. 
33. Peracchia, C., and S. J. Girsch. 1985. Permeability and gating of lens gap 
junction channels incorporated  into liposomes. Curr. Eye Res. 4:431-439. 
34. Reber, W., and R. Weingart. 1982.  Ungulate cardiac Purkinje fibers:  the 
influence of intracellular pH on the electrical  cell-to-cell  coupling. J. 
Physiol.  (Lond.).  328:87-104. 
35. Saez, J. C., D. C. Spray, A. C. Nairn, E. Hertzberg, P. Greengard, and 
M. V. L. Bennett. 1986.  cAMP increases junctional conductance and 
stimulates  phosphorylation of the 27-kDa principal gap  junction polypep- 
tide. Proc. Natl. Acad.  Sci.  USA.  83:2473-2477. 
36. Sanger, F., S. Nicklen, and A. R. Coulsen. 1977.  DNA sequencing with 
chain terminating inhibi~rs. Proc. Natl. Acad. Sci.  USA.  79:441-445. 
37. Spray, D. C., R. D. Ginzberg, E. A. Morales, Z. Gatmaitan, and I. M. 
Arias.  1986.  Electrophysiological properties of gap junctions between 
dissociated pairs of rat hepatocytes. J.  Cell Biol.  103:135-144. 
38. Spray, D. C., J. C. Saez, D. Brosius, M. V. L. Bennet,, and E. L. Hertz- 
berg. 1986. Isolated liver gap  junctions: gating of transjunctional currents 
is similar to that in intact pairs of rat bepatocytes. Proc. Natl. Acad. Sci. 
USA.  83:5494-5497. 
39. Warner, A. E., S. C. Guthrie, and N. B. Gihila. 1984. Antibodies to gap- 
junctional protein selectively disrupt junctional communication in the 
early amphibian embryo. Nature (Lond.).  311:127-131. 
40. Weiner, E. C., and W. R. Loewenstein. 1983. Correction of cell-cell com- 
munication defect by introduction of a protein kinase into mutant cells. 
Nature (Lond.).  305:433-435. 
41. White, R. L., D. C. Spray, A. C. Campos de Carvalho, B. A. Wittenberg, 
and M. V. L. Bennett. 1985.  Some physiological and pharmacological 
properties of  cardiac myocytes dissociated from adult rat. Am. J. Physiol. 
249:c447-c455. 
42. Williams, S. A., B. E. Slatko, L. S. Moran, and S. M. DeSimon~. 1986. 
Sequencing in the fast lane: a rapid protocol for [a-35S] dATP dideoxy 
DNA sequencing. Biotechniques.  4:138-147. 
43. Yancey, S. B., B. J. Nicholson, and J. P. Revel. 1981. The dynamic state 
of liver gapjanctions. J. Supramol.  Struct.  Cell. Biochem.  16:221-232. 
44. Young, L D.-E., Z. A. Cohn, and N. B. Gihila. 1987. FanctionaI assembly 
of gap junction conductance in lipid bilayers: demonstration that the ma- 
jor 27kD protein forms the junctional channel. Cell.  48:733-743. 
45. Zervos, A. S., J. Hope, and W. H. Evans. 1985. Preparation of a gap junc- 
tion  fraction  from uteri  of pregnant rats:  the 28-kD polypeptides of 
uterus, liver,  and heart gap junctions are homologous. J.  Cell Biol. 
101:1363-1370. 
46. Zimmer, D. B., C. R. Green, W. H. Evans, and N. B. Gilula.  1987. Topo- 
logical analysis of the major protein in isolated intact rat liver gap junc- 
tions and gap junction-derived single membrane structures. J.  Biol. 
Chem.  262:7751-7763. 
Beyer et al. Rat Heart Connexin43  2629 